Purpose: To evaluate the fatigue behavior of two crystalline-reinforced ceramics: leucite-reinforced (VL) and lithium disilicate-based (VD) glass-ceramics. Materials and Methods: Bar-shaped specimens (16 × 4 × 1.2 mm) were produced for each ceramic using prefabricated CAD/CAM blocks. For each group, 30 specimens were subjected to a three-point flexural strength test in a universal testing machine. For VL and VD, 36 and 41 specimens were subjected to a cyclic fatigue test, respectively. The cyclic fatigue test was performed with a pneumatic mechanical cycling machine (1 Hz; 37°C distilled water). Specimens were tested at two stress levels for each preset lifetime (10 3 and 10 4 cycles for VL; 10 4 and 10 5 cycles for VD) following the boundary technique. Fractography was performed with a scanning electron microscope. Data were analyzed with Weibull analysis. Results: There were significant differences among groups for characteristic strength (σ 0 ) and Weibull modulus (m), as the confidence intervals did not overlap. The VD group presented the highest values of σ 0 , but the lowest Weibull modulus. Both groups showed a reduction of approximately 60% of the initial flexural strength (σ f ) after cycling for 10
Ceramics can successfully reproduce the complex esthetics of human teeth. Besides esthetics, ceramics also present high biocompatibility, high wear resistance, chemical stability, similar thermal conductivity and thermal expansion coefficient to the tooth structure, and good mechanical properties. 1, 2 However, ceramics are brittle, meaning they are sensitive to stress concentrations around preexisting cracks. The fracture strength of ceramics with high amorphous content, such as feldspathic porcelain, is limited by the presence of these preexisting cracks associated with low fracture toughness. Thus, crystals were added to dental ceramics to improve their mechanical behavior. [2] [3] [4] [5] Crystalline-reinforced glass-ceramics, such as leucite-reinforced (VL) and lithium disilicate-based (VD) glass-ceramics, were developed to provide good optical properties and better clinical performance than conventional feldspathic porcelains. The VL has 29% in volume of leucite particles (1 μm) homogeneously distributed in a glassy matrix. For VD, 58% in volume of lithium disilicate elongated particles (up to 10-μm long) are dispersed throughout the glassy matrix. 3, 6 Nevertheless, a recent systematic review has shown that survival rate after 5 years varies among studies, from 90.6% to 97.8% for VL crowns and from 93.8% to 100% for VD crowns. The authors reported that catastrophic fracture of the crown was the main type of technical failure (2.3% after 5 years). 7 Clinical failure may be attributed to ceramic fatigue. The presence of cyclic loads, as they occur during chewing, and humidity (saliva) could induce the slow and subcritical growth of a preexisting flaw until it reaches a critical size, which leads to failure at relatively low stress levels. In addition, toughening mechanisms associated with these crystalline phases may be degraded by cyclic loading. [8] [9] [10] Hence, in vitro fatigue tests provide more reliable data on the clinical behavior of dental e297 materials than conventional fast fracture tests. Moreover, the clinical performance of ceramics is highly dependent on both microstructure and processing quality, which also influences the fatigue behavior of these materials. 4, 11 However, cyclic fatigue tests are time-consuming and require a great number of specimens. 12 Thus, to optimize these tests, accelerated lifetime methods were developed, such as step-stress, 9, 12, 13 staircase, 14, 15 and boundary. [16] [17] [18] [19] For the boundary technique, specimens are tested at two stress levels, where one corresponds to a low probability of failure and the other to a high probability of failure. Furthermore, several specimens may be tested at the same stress level during a preset number of cycles, providing a faster testing protocol. Data obtained may be used to predict stresses corresponding to low probabilities of failure, providing more precision on estimating the stress range of clinical interest. [16] [17] [18] [19] Therefore, this study aims to evaluate the fatigue behavior of two of crystalline-reinforced dental ceramics -a leucitereinforced and a lithium disilicate-based glass-ceramic -using a cyclic fatigue test with the boundary technique. The study hypotheses are: (1) the glass-ceramics evaluated show similar strength degradation after fatigue; (2) strength degradation increases when the number of cycles is increased. Nevertheless, the applicability of the fatigue method proposed will be investigated.
Materials and methods
Two types of crystalline-reinforced ceramics were evaluated (Table 1) . For each ceramic, 30 specimens were subjected to a fast fracture three-point flexural test in a universal testing machine. For VL and VD, 36 and 41 specimens were subjected to a cyclic fatigue test, respectively.
Specimen preparation
Specimens were produced by cutting prefabricated CAD/CAM blocks using a diamond disc in a metallographic cutting machine (Miniton; Struers, Copenhagen, Denmark) under constant water irrigation. Next, the bars were flattened (240, 320, 500 grit papers) and polished (800, 1000, 1200 grit papers) using a polisher machine (Abramin; Struers) under constant water irrigation. A metal device was used to chamfer the edges of the bars, according to ISO 6872 recommendations. 20 VD specimens were subjected to a crystallization cycle with the VITA Vacumat furnace (6000 MP; Vita Zahnfabrik, Bad Sackingen, Germany), as recommended by the manufacturer. The final dimension of the bars was 16.0 mm × 4.0 mm × 1.2 mm.
Three-point flexural strength test (fast fracture)
Thirty specimens from each group were subjected to the threepoint flexural test, with cylindrical supports of 2.0 mm in diameter and 12.0 mm span (according to ISO 6872), 20 using a universal testing machine (DL 2000; EMIC, São José dos Pinhais, Brazil). The test was performed in 37°C distilled water, and load was applied at a 0.5 mm/min crosshead speed.
Flexural strength values (σ f ) were determined according to Eq. (1):
where P is the fracture load (N), l is the distance between supports (span) (12 mm), w is the width (mm), and b is the thickness (mm) of the specimen. Weibull modulus (m) and characteristic strength (σ 0 ) were determined by analyzing flexural strength data, according to the two-parameter Weibull distribution. The 95% confidence intervals were calculated through tabulated values.
Cyclic fatigue
For the cyclic fatigue test, specimens were tested in the same configuration as the fast fracture test (three-point flexure). Mechanical cycling was performed in a pneumatic mechanical cycling machine (Biopid; Biocycle, São Carlos, Brazil), with 1-Hz frequency in 37°C distilled water. Equation (1) was used to determine the load the mechanical cycling machine should apply to the specimen to induce the required stress.
Materials were evaluated using two lifetimes, at two stress levels each (σ 1 and σ 2 ). Testing protocol (stress level and number of cycles) was defined according to the boundary technique [16] [17] [18] [19] and based on data obtained by the fast fracture flexural strength test, which was previously performed.
The lifetimes evaluated for each material were: VL group-10 3 and 10 4 cycles, and VD group-10 4 and 10 5 cycles. The VL was tested using a lower number of cycles due to the low flexural strength values obtained in the fast fracture test.
Two stress levels were used for each lifetime. To define the stress level for the first testing protocol, the boundary technique [16] [17] [18] [19] states that specimens should be tested individually at different stress levels during the preset number of cycles, until the first one survives. The stress level for the first specimen (σ initial ) tested individually was determined considering the median value obtained in the flexural strength test (σ f × 0.8), as there is no recommendation regarding the initial stress used in these accelerated fatigue methods. [15] [16] [17] [18] [19] Thus, initial stress level was reduced using a step value of δ = 0.04 σ initial for each specimen, until the first specimen survived either 10 3 cycles (VL group) or 10 4 cycles (VD group). Next, 10 specimens were tested at this first stress level (σ 1 ) (n = 10).
After the preset number of cycles, the number of specimens that failed/survived was registered, and the second stress level (σ 2 ) for the same lifetime was calculated according to Eq. (2): 16,18,19
where i is the number of specimens that failed until the preset number of cycles in σ 1 , n is the total number of specimens tested in σ 1 , and S is a constant selected to minimize the chance of all or none of the specimens failing at σ 2 , which was 0.178. 18 Thus, a new group of specimens was tested with σ 2 for 10 3 cycles (VL group) or 10 4 cycles (VD group). For each lifetime, the specimens that survived σ 2 were allowed to run out through the next lifetime of interest, so that specimens tested in σ 2 were useful for σ 1 of the next lifetime (10 4 cycles for VL group and 10 5 cycles for VD group). Finally, σ 2 of the second lifetime tested was also calculated using Eq. (2) .
To find the probability of failure in σ 1 and σ 2 after collecting all fatigue data, Eq. (3) was used:
The stress amplitude corresponding to 50% and 5% probability of failure was calculated by interpolation and extrapolation, respectively, from P f1 and P f2 , using Eq. (4):
where m is the Weibull modulus, P f is the probability of failure (0.05 or 0.5), σ Pf is the stress amplitude corresponding to 5% or 50% of failure, σ th is the threshold stress (P f = 0), and σ 0 is the characteristic strength.
Fractographic analysis
Specimens were qualitatively analyzed using a scanning electron microscope (model Vega 3; SEM TESCAN, Brno- Kohoutovice, Czech Republic) to investigate fracture surface characteristics and identify the critical flaw (n = 6). Specimens were previously cleaned with ethanol and sputter coated with gold-palladium.
Results
Three-point flexural strength and Weibull analysis Table 2 and Figure 1 present flexural strength data for both experimental groups. There were significant differences among groups for characteristic strength (σ 0 ) and Weibull modulus (m), as the confidence intervals did not overlap. The VD group presented the highest values of σ 0 , but the lowest Weibull modulus.
Fatigue test with the boundary technique

VD group
For the VD group, a total of 41 specimens were tested. The stress level for the first specimen, σ initial , was 200 MPa. Stress level was reduced using a step of 8 MPa (δ) for each specimen, until the first specimen survived 10 4 cycles (n = 12). Then, the first testing protocol was defined as 123 MPa (σ 1 ) and 10 4 cycles. Ten specimens were tested with this first protocol, wherein 80% of specimens failed (n = 10; i = 8). The second stress level (σ 2 ) was calculated according to Eq. (2), resulting in 101 MPa. Another 10 new specimens were cycled with σ 2 , and 60% failed up to 10 4 cycles (n = 10; i = 6). The surviving specimens were allowed to run out through the second lifetime of 10 5 cycles (σ 2 for 10 4 cycles was used as σ 1 for 10 5 cycles). No specimens failed, so failure rate remained at 60% (n = 10; i = 6). Based on these data, the second stress amplitude for 10 5 cycles was calculated, resulting in 86 MPa. Nine specimens were cycled, and two of them failed after 10 5 cycles (n = 9; i = 2). Figure 2 presents the fatigue protocol for the VD group. At the end of the boundary test, 10 specimens were tested at 123 MPa for 10 4 cycles, 10 specimens were tested at 101 MPa for 10 4 and 10 5 cycles, and 9 specimens were tested at 86 MPa for 10 5 cycles. Two-parameter Weibull analysis was performed using fatigue data of each lifetime evaluated (10 4 and 10 5 cycles); however, an increase in the values of Weibull modulus and in the stress levels corresponding to 50% and 5% failure probabilities (σ 50% and σ 5% ) was observed when the number of cycles increased, suggesting that this model was not adequate for data analysis (for 10 4 cycles m = 2.9; for 10 5 cycles m = 7.8). In this case, the two-parameter Weibull modulus was dependent on the point chosen on the curve rather than the extent of data variability. Therefore, to predict σ 50% and σ 5% after 10 4 and 10 5 cycles, the fatigue data curve was adjusted using the Weibull parameters (m and σ 0 ) obtained by the three-point flexural test (fast fracture) ( Table 2 ). The best fit for each fatigue data set was obtained after shifting to the right on the ln σ axis by adding 0.942 (a t ) for 10 4 cycles and 0.930 for 10 5 cycles, using the least-square method. The a t value corresponds to the average difference among strength values obtained in fast fracture and fatigue tests. Thus, the probability of failure for each cycle was calculated according to Eq. (5): 
VL group
For the VL group, 36 specimens were tested. The stress level for the first specimen, σ initial , was 101 MPa. Stress level was reduced using a step of 6 MPa (δ) for each specimen, until the first specimen survived 10 3 cycles (n = 6). Ten specimens were tested at this first stress level (σ 1 ) of 64 MPa and 60% failed (n = 10; i = 6). The second stress level (σ 2 ) was calculated according to Equation (2), resulting in 55 MPa. Ten new specimens were cycled with σ 2 , and 50% failed up to 10 3 cycles (n = 10; i = 5). The surviving specimens were allowed to run out through the second lifetime of 10 4 cycles (σ 2 for 10 3 cycles was used as σ 1 for 10 4 cycles). Seven specimens failed, so failure rate was 70% (n = 10; i = 7). Based on these data, the second stress amplitude for 10 4 cycles was calculated, resulting in 46 MPa. Another ten specimens were cycled, and 70% failed after 10 4 cycles (n = 10; i = 7). Figure 3 shows the fatigue protocol. Therefore, 10 specimens were tested at 64 MPa for 10 3 cycles, 10 specimens were tested at 55 MPa for 10 3 and 10 4 cycles, and 10 specimens were tested at 46 MPa for 10 4 cycles. As already described for the VD group, to predict σ 50% e σ 5% after 10 3 and 10 4 cycles, the Weibull parameters (m and σ 0 ) obtained for the three-point flexural fast fracture test were used. Also, the fatigue data curve was adjusted. Fatigue data were shifted to the right in the x-axis of the Weibull graph until it reached the fast fracture curve, using a value of 0.765 (a t ) for 10 3 cycles and 0.975 (a t ) for 10 4 cycles. A reduction of 52% in the value of σ 50% was observed after 10 3 cycles and of 62% after 10 4 cycles, compared with the initial flexural strength value obtained in fast fracture. When the number of cycles increased from 10 3 to 10 4 cycles, an 18% strength degradation was observed. 
Fractography
Six specimens of each ceramic were randomly selected for qualitative fractographic analysis using SEM. The fracture origin in both ceramics was located on the surface subjected to tensile stresses during the bending test (Figs 4 and 5) . Compression curl could be observed on the side of the specimen opposite the fracture origin, as well as hackle lines indicating the direction of crack propagation. Specimens subjected to fatigue presented a smoother fracture surface in comparison to specimens tested in fast fracture, in which fractographic marks were easier to identify.
Discussion
The first study hypothesis was accepted, as the glass-ceramics evaluated presented similar strength degradation after fatigue. Both glass-ceramics showed a reduction of approximately 60% of the initial flexural strength after mechanical cycling for 10 dissipates its energy, increasing fracture strength and toughness of the ceramic material. 3, 21, 22 Deflection occurs when the crack comes upon tangential compressive stresses, and it is guided around the particles by radial tensile stresses, which result from the coefficient of thermal expansion mismatch between leucite crystals and the surrounding glassy matrix during cooling. 21 However, a study showed a relatively straight crack emanating from Vickers impression in a leucite-based glass-ceramic, suggesting that this toughening mechanism was not effective in hindering crack propagation, which could be also related to its lower flexural strength. 6 The fracture strength and toughness of VD was significantly improved by the presence of high volume fraction of the crystalline phase, constituted by small, elongated lithium disilicate crystals.
3 These crystals either dissipate or absorb the energy required for the growth and propagation of cracks, hindering or delaying their propagation through crack deflection. 3, 6 Although characteristic strength and fracture toughness of VD is superior to VL, as previously reported, 3, 6, [23] [24] [25] similar strength degradation was observed among materials. This could be partially explained by the presence of a glassy matrix in both materials. The glass phase is highly susceptible to stress corrosion, allowing crack propagation and degradation of ceramic fracture strength. Both glass-ceramics showed a smooth fracture surface with less visible fractographic marks than specimens tested in fast fracture, which suggests failure at low stress levels. The literature also reports high strength degradation of VD after fatigue (53% after 10 4 cycles). 15 It was suggested that blocks produced for CAD/CAM machining may result in VD microstructure with smaller crystal size and crystalline fraction. Additionally, a lower Weibull modulus was found for VD, indicating the presence of different flaw populations, resulting in high data scatter.
On the other hand, no strength degradation was observed for VD when the number of cycles increased from 10 4 to 10 5 , partially rejecting the second study hypothesis. For VL, a slight decrease (18%) in strength was observed when the lifetime of 10 3 cycles was increased to 10 4 ; however, this value is low and may be within the estimation error, which suggests negligible degradation of VL mechanical properties when increasing the number of cycles.
The stress levels for a 5% (σ 5% ) probability of failure estimated using fatigue data were 36 MPa for VL and 55 MPa for VD, for the lifetime of 10 4 cycles. These results agree with the manufacturer's recommendations, in which VL is indicated for inlays, onlays, veneers, and anterior crowns, and VD may also be used to produce posterior crowns and fixed dental prostheses up to the second premolar. Nevertheless, testing conditions were more aggressive than those in the oral cavity, provided that both ceramics were cycled in a three-point flexure configuration without being totally supported or bonded to any substrate (as it would occur in the mouth). Yet, for a low probability of failure (5%), both materials obtained higher flexural strength values than the estimated clinical stress (approximately 30 MPa). 26 The boundary technique proved to be an efficient method to optimize fatigue testing. This technique can predict the stress level for different failure probabilities other than 50% (σ 50% ), which is an advantage considering dentists are interested in achieving low failure rates in the clinic. Fatigue testing was optimized by the following: (1) using the same group of specimens for two test lifetimes; (2) several specimens were tested with the same stress level, allowing for a less time-consuming test if equipment with several testing stations is used, such as the pneumatic cycling machine used in the present study. [16] [17] [18] [19] Fatigue was also performed simulating chewing frequency (1-3 Hz), saliva humidity, and human body temperature (37°C distilled water). 26 On the other hand, the probability of failure may only be estimated for the preset lifetime tested, and the number of cycles to failure may not be obtained for each individual specimen.
Conclusions
Lithium disilicate-based glass-ceramic showed higher characteristic strength and lower reliability than leucite-based glassceramic; however, both materials showed similar strength degradation (60%) after a lifetime of 10 4 cycles. Therefore, mechanical cycling in humid condition proved to be a significant factor for the degradation of mechanical properties of ceramics.
